Introduction {#Sec1}
============

Niosomes are bilayered vesicles composed of non-ionic surfactants. They have been a desireable drug delivery vehicle due to their simple and uniform preparation, low preparation costs, and relatively high shelf-life \[[@CR1]--[@CR3]\]. Because of these promising properties, niosomes have been used in a broad spectrum of applications ranging from topical and skincare treatments \[[@CR4], [@CR5]\], over oral and cancer therapies \[[@CR6], [@CR7]\], to gene deliveries \[[@CR8], [@CR9]\]. However, to further improve the functionality of niosomes, attentions have been drawn to their relatively lower bioavalibility and fast removal from the bloodstream \[[@CR10], [@CR11]\]. Amongst approaches that could be taken to address these issues, targeted delivery of the niosomal formulations as well as their surface modifications could be mentioned \[[@CR12]--[@CR15]\].

Targeted delivery of drugs to the tumor sites is one of the applications of drug delivery systems, including niosomes \[[@CR10], [@CR16]\]. So far, multiple tactics for targeting tumor tissues are devised, one of which is the recruitment of the magnetic delivery approaches \[[@CR15], [@CR17]\]. However, although the use of magnetic delivery approach for the other vesicular drug delivery systems is well stablished \[[@CR18]--[@CR20]\], magnetization of niosomes is relatively unexplored \[[@CR14]\]. In magnetic delivery methods, usually nanoparticles (NPs) with strong magnetic properties are used as the targeting agent \[[@CR21], [@CR22]\]. A localised magnetic field is then used to direct the accumulation of magnetized carriers in the target tissues, which in turn in expected to increase the local drug concentration and the overall efficiency of the drug delivery.

Another method for improving the functionality of niosomal drug delivery is to increase their bioavailability through surface PEGylation, which is defined as the coating of the exterior of niosomes with long chains of polyethylene glycol (PEG). This process hides niosomes from the immune system, and thus, enables the niosomal vesicles to circulate longer in the bloodstream \[[@CR3], [@CR13], [@CR23]\]. Moreover, it has been suggested that the high hydrophilicity of PEG is responsible for attracting a layer of water to the surface of niosomes, which in turn prevents the recognition and removal of niosomes by macrophage system \[[@CR1], [@CR3]\]. Ultimately, this modification provides the niosomes with an added time in vivo to search for its target sites, before being removed by macrophages \[[@CR3], [@CR24]\].

Herein, we present our results regarding the modification of niosomes by both PEGylation and magnetization. To the best of our knowledge, although PEGylation of niosomes have been well studied \[[@CR12], [@CR23], [@CR24]\], and also recently, their magnetization had been tested \[[@CR14]\], this is the first report about preparation and functional characterization of PEGylated magnetic niosomes. Carboplatin, a currently most used antitumor \[[@CR25]\], was used to assess this system. First, PEGylated-niosomes were synthesised based on Span-60/Tween-60. Magnetic NPs were also synthesized and were then integrated into the niosomes as a mean for magnetizied drug delivery. Afterwards, these niosomes were examined on the basis of morphology, zeta potential, and magnetic particle contents. The entrapment efficiency for both NPs and Carboplatin as well as the in vitro drug release rate of these niosomes were studied. At the end, the inhibitory effect of these modified niosomes, which were loaded with Carboplatin, on MCF-7 breast cancer cell line was investigated in the presence or absence of an external magnetic field.

Materials and methods {#Sec2}
=====================

Materials and reagents {#Sec3}
----------------------

Polyethylene glycol (PEG), ferrous chloride tetra hydrate (FeCl~2~.4H~2~O), ferric chloride hexa hydrate (FeCl~3~.6H~2~O), and NaOH were obtained from Sigma Chemical Co. (St. Louis, USA). Tween-60, Span-60, Cholesterol, 3-(4, 5-dimethylthiazol-2 yl)-2, 5-diphenyltetrazolium bromide (i.e. MTT reagent), and Tetraethyl Orthosilicate (TEOS) were obtained from Sigma-Aldrich (Madrid, Spain). Phosphate buffered saline (PBS) along with distilled water were acquired from Gibco (San Diego, US). For the in vitro experiments, neodymium magnets (0.4 Tesla) were used. All the other reagents were of analytical grade.

Synthesis of the silica-coated magnetic NPs {#Sec4}
-------------------------------------------

Magnetic Fe~3~O~4~ NPs were synthesised by co-precipitation method from iron (II) chloride and iron (III) chloride solutions using aqueous ammonia solution. The NPs were then washed with alcohol and rinsed with distilled water until pH 7.0 was reached. Next, the Fe~3~O~4~\@SiO~2~ NPs were prepared by coating of Fe~3~O~4~ particles with silica. Briefly, Fe~3~O~4~ magnetic NPs suspension (50 mL; containing 0.5 g particles) was transferred to a flask, and then, 10% aqueous Tetraethyl Orthosilicate (25 mL) was added to the flask together with alcohol (40 mL). After thouroughly mixing these reagents, the pH of the resulted suspension was set to 9.0 by adding solid NaOH. It was subsequently heated to 90 °C, and was kept at the same temperature for another 8 h stirring. After cooling the prepared suspension down to the room temperature, it was rinsed twice with alcohol and then seven times with water. The final volume was set to 70 mL with distilled water.

Characterization of the magnetic NPs {#Sec5}
------------------------------------

After preparation of magnetic NPs, their crystal structures were analyzed by X-ray diffraction (XRD) (Panalytical, Netherlands). Then, Fourier transform infrared spectroscopy (FTIR) was used to further investigated the molecular structure of NPs. This was accomplished by using a Fourier transform spectrometer (Bruker, Germany) at 25 °C. The magnetic properties of samples were also measured using a vibrating sample magnetometer (VSM) (Danesh Pajohan Kavir, Iran). Additionally, Scanning Electron Microscopy (SEM; SBC-12, China) was used to study the morphology of these iron oxide NPs.

Preparation of magnetized niosomes and their coating with PEG {#Sec6}
-------------------------------------------------------------

Niosomes were synthesised based on the thin film hydration procedure \[[@CR26], [@CR27]\]. A flask with round bottom was used for their preparation. Briefly, cholesterol as well as Tween-60 and Span-60 surfactants were dissolved in chloroform, with a final surfactant concentration of 200 μM. Chloroform was then compeletly evaporated under the reduced pressure by a rotary evaporator (Laboroa 4003, Germany) at 60 °C for 2 h. Thin films were then hydrated by adding 5 mL of Carboplatin (1 mg/mL) along with the same volume of ferrofluid solution (5.38 × 10^−7^ M) at 60 °C with constant stirring for 30 min. Afterwards, the dispersions were left overnight at 25 °C to equilibrate, and then for the PEGylation of niosomes, PEG 6000 **(**5% *w*/w**)** was added. Next, small uni-lamellar niosomes were accrued from the multi-lamellar vesicles in an ultrasonic water bath at 50 °C for 30 min. Unencapsulated drug and magnetic NPs were separated from encapsulated ones by centrifugation at 7000 g for 15 min. A final purification step was performed by three times passing the niosomal suspensions across filter membranes with 400 and 200 nm pore sizes (Sartorius AG, Germany).

Physical characterization of the PEGylated magnetic niosomes {#Sec7}
------------------------------------------------------------

The size, zeta potential, and the polydispersity index (PDI) of niosomes were assessed by Dynamic Light Scattering (DLS) (Malvern, UK) at 25 °C through measuring the auto-correlation function. Each experiment was performed in triplicate. In addition, the morphology of the niosomal preparations was investigated by SEM (SBC-12, China) using standard procedures.

Analysis of the entrapment efficiency of niosomes {#Sec8}
-------------------------------------------------

### Measurement of the entrapment efficiency for magnetic NPs {#Sec9}

For calculating the entrapment efficiency (EE%) of niosomes for magnetic NPs, concentration of ferric ions in solution were measured by *o*-phenanthroline reagent as described before \[[@CR28]\]. Briefly, purified niosomes (100 μL) were mixed with equal volume of methanol solution (7%, *v*/v). Then, by adding 1.5 mL of 2 M HCl, magnetic materials were ionized. Next, ferric ions were reduced by adding 1 mL of 1.5 M hydroxylamine hydrochloride. Half an hour later, this mixture was supplemented with 2 mL of 11 mM *o*-phenanthroline. The resulted suspension was then mixed with 1.25 mL of 14 M NaOH, and its pH-value was set to 4.5 by citrate buffer (45 mM). Eventually, the entrapment efficiency was calculated by measuring the 510 nm absorbance values.

### Measurement of the entrapment efficiency for carboplatin {#Sec10}

The Carboplatin entrapment efficiency is expressed here as the fraction of Carboplatin traped in the niosome vesicles compared to the total amount of Carboplatin that was existed in the non-purified niosome samples \[[@CR27]\]. First, 1 mL of each niosome formulations was diluted into 25 mL of methanol. Afterwards, the absorbance of this test solution was recorded at 260 nm, where Carboplatin displays a maximum absorption peak \[[@CR29]\]. The methanol's role here was to break the niosomal membranes and to allow the encapsulated drug be released. Experiments were carried out in triplicate.

Investigation of the in vitro drug release from modified niosomes {#Sec11}
-----------------------------------------------------------------

A dialysis tube (Spectra/Por, 12--14 kDa cut off) was used to filled with the Carboplatin-loaded niosomes, and before use, these niosomes were treated essentially as described before \[[@CR30]\]. After that, niosome samples were placed inside a container containing 50 mL of PBS buffer (pH 7.4). The resulting solutions were incubated at 37 °C while being stirred gently. At defined time intervals, samples were taken and characterized by examining the 260 nm absorbance. The obtained results were reported as the mean values of three measurements.

Assessing the effectiveness of the drug loaded modified niosomes towards MCF-7 cell line {#Sec12}
----------------------------------------------------------------------------------------

The lethal effects of niosomal preparations on a breast cancer cell line, MCF-7, were investigated using MTT assay, as described before \[[@CR31]\]. Briefly, free medium (100 μL) or equal volume of the medium contained niosomal formulations (at 2.5 μM concentration) were added to the wells of a 96-well cell culture plate at a confluency of 80% for MCF7 cells. The plate was then incubated in an incubator with humidified atmosphere of 5% CO~2~ at 37 °C for 24 h. Afterwards, 15 μL of MTT reagent (Sigma; 4 mg/mL) was added to each well. The plate was then incubated in the same condition for another 4 h. Next, DMSO (100 μL) was added to each well. After another 2 h of incubation, the 490 nm absorbance of the niosome-treated as well as control wells were recorded using an ELISA Reader (FACSCalibur, US). Finally, the toxicity (T%) of the prepared formulations towards the MCF-7 cell line was then calculated based on this formulation:$$\documentclass[12pt]{minimal}
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Where Abs(c) and Abs(n) are the absorbance of the control and the niosome-treated wells, respectively. Values are reported as the mean for three experiments ± standard deviation. For these tests, 0.4 Tesla neodymium magnets were used.

Statistical analysis {#Sec13}
--------------------

One-way ANOVA \[[@CR32]\] was used for statistical analysis of different experiments. To examine the ANOVA test, a posterior Bonferroni t-test was performed. A *p* value \<.05 was considered significant. All values are reported as the mean ± standard deviation.

Results and discussion {#Sec14}
======================

Niosomes are gaining attention as a replacement of liposomes in various biochemical and pharmaceutical applications. \[[@CR1], [@CR2]\]. In terms of drug delivery, performance of niosomes in vivo is mainly similar to that of liposomes. They both increase the circulation time of the encapsulated drugs and deliver them to their sites of action \[[@CR1], [@CR33], [@CR34]\]. Although the niosomes offer a better stability \[[@CR11]\], but their efficiencies are limited by their lower bioavailability and also fast removal from body. This lower efficiency is due to the fact that niosomes would have less time available to find and reach the tumor site before being removed. Therefore, a combined approach was proposed for addressing this problem. First, by prolonging the circulation time of niosomes inside the body by PEGylation, and second, by loading of the prepared niosomal carriers with magnetic NPs. This form of delivery is compatible with biological systems, and should further increase the efficiency of the niosome based drug delivery tactics. Thus, on the one hand, the added hydration of vesicles by PEGylation would inhibit the attachment of plasma proteins \[[@CR35]\], and consequently, will inhibit the removal of niosomal particles by macrophages \[[@CR3], [@CR13]\]. On the other hand, using a magnetic targeted delivery tactic can also lead to an increased local concentration of the drug. Taken together, this would result in an improvement in the efficiency of niosomes in cancer therapy.

Preparation and characterization of the magnetic NPs {#Sec15}
----------------------------------------------------

Analysis of NPs by SEM: The SEM analyses of the magnetic NPs, which are presented in Fig. [1](#Fig1){ref-type="fig"}a, revealed a homogeneous morphology in both samples. They both roughly had a spherical appearance and a porous structure. Fe~3~O~4~\@SiO~2~ particles had a larger size and a more spherical morphology than Fe~3~O~4~ NPs (Fig. [1](#Fig1){ref-type="fig"}a) due to the presence of the SiO~2~ shell. The silica shell stabilized the iron oxide NPs and prevented their agglomeration \[[@CR21]\]. The following XRD, FTIR, and VMS analysis of these magnetic NPs revealed that they have good properties for drug delivery applications (Figs [1](#Fig1){ref-type="fig"}b, c and d).Fig. 1Characterization of the magnetic NPs. Analysis and comparison of the synthesized NPs (Fe~3~O~4~ and Fe~3~O~4~\@SiO~2~) are presented. **a** SEM analysis of the magnetic NPs; panel A is Fe~3~O~4~ and panel B is Fe~3~O~4~\@SiO~2~ particles. **b** XRD pattern of both Fe~3~O~4~ (top/red pattern) and Fe~3~O~4~\@SiO~2~ (bottom/blue pattern). **c** FTIR spectrum of Fe~3~O~4~ (top) and Fe~3~O~4~\@SiO~2~ (bottom). **d** VSM analysis of the iron oxide NPs

XRD pattern: XRD was employed to further study the NPs (Fig. [1](#Fig1){ref-type="fig"}b). The XRD patterns show a unique spinel structure corresponding to the magnetite Fe~3~O~4~ phase, where the majority of grain sizes are around 14--18 nm and 24--28 nm for Fe~3~O~4~ and Fe~3~O~4~\@SiO~2~ particles, respectively. As shown in Fig. [1](#Fig1){ref-type="fig"}b, it is evident that the Fe~3~O~4~\@SiO~2~ magnetic NPs have an XRD pattern very similar to that of Fe~3~O~4~ particles -- mainly since the presence of the SiO~2~ layer does not alter the crystalline structure of Fe~3~O~4~.

FTIR analysis of the magnetic NPs: The FTIR spectrum of Fe~3~O~4~ and Fe~3~O~4~\@SiO~2~ magnetic NPs are presented in Fig. [1](#Fig1){ref-type="fig"}c. Both spectra show peaks at around 600--700 cm-1, which were assigned to the Fe-O bonding vibrations. The presence of the SiO~2~ layers in the spectrum of Fe~3~O~4~\@SiO~2~ NPs can be observed by the stretching vibrations of Si--O--Si and Fe--O--Si at 1097 cm − 1 and 1085 cm − 1, respectively (Fig. [1](#Fig1){ref-type="fig"}c - bottom). These data strongly suggests that the Fe~3~O~4~\@SiO~2~ NPs are indeed coated with SiO~2~ layers. Moreover, the peaks that are seen at 3435 cm-1 and 1634 cm-1, respectively, correspond to the O--H bonding vibrations and H--O--H bending of the magnetic NPs.

Vibration Saturation Magnetization (VSM): The VSM responses of magnetic NPs after application of external magnetic fluxes were measured (Fig. [1](#Fig1){ref-type="fig"}d). Both VSM curves (for Fe~3~O~4~ and Fe~3~O~4~\@SiO~2~ NPs) revealed the ferromagnetism characteristic. Coating with silica slightly decreased the saturation magnetization of Fe~3~O~4~\@SiO~2~ (57 emu/g) compared to that of Fe~3~O~4~ (63 emu/g). Nevertheless, these results show that silica coating of these NPs did not significantly affect their magnetic properties.

Physicochemical properties of the PEGylated magnetic niosomes {#Sec16}
-------------------------------------------------------------

After synthesis of niosomal preparations, their sizes, zeta potential, and polydispersity index (PDI), as well as their entrapment efficiencies (EE%; for both NPs and drug) were measured (Table [1](#Tab1){ref-type="table"}). In both naked and PEGylated-niosomes, addition of NPs and drug resulted in a slight increase in the size, however, it did not notably affect their zeta potential. Overall, the PEGylated-niosomes were larger, had a smaller negative zeta potential, and had a better PDI than the naked-niosomes. Lower negative zeta potential in PEGylated-niosomes could be due to the effects of PEG coating on the surface of niosomes. The observation of a decrease in zeta potential and an increase in size of PEGylated-niosomes, is another evidence for the immobilization of PEG molecules on the surface of niosomes.Table 1Characterization of niosomal formulationsNameSize (nm)PDI \*Zeta Potential (mV)EE% \* (NPs)EE% \* (Drug)Niosomes118.9 ± 2.10.37 ± 0.02−19.5 ± 0.6----PEGylated-Niosomes121.5 ± 1.20.21 ± 0.02−14.3 ± 1.1----Niosomes/D \*127.1 ± 2.10.32 ± 0.01−18.8 ± 1.2--73 ± 1.1Niosomes/D + M \*129.5 ± 3.60.31 ± 0.06−19.3 ± 0.794 ± 2.384 ± 1.5PEGylated-niosomes/D138.2 ± 0.30.23 ± 0.04−16.6 ± 0.7--87 ± 1.6PEGylated-niosomes/D + M145.2 ± 1.30.24 ± 0.02−15.2 ± 0.390 ± 2.183 ± 1.2**\* PDI** = polydispersity index; **D** = drug (Carboplatin); **M** = magnetic NPs (Fe~3~O~4~\@SiO~2~); and **EE%** = entrapment efficiency

A clear decrease in PDI from about 0.37 to 0.21 was observed when PEG was used for the coating of niosomes (Table [1](#Tab1){ref-type="table"}). The PDI values below 0.35 show more stable and homogenous emulsions, and smaller numbers represent more uniform samples \[[@CR36]\]. The presence of the long arm chains of PEG molecules would possibly result in further repulsion between niosomes, which prevents their agglomeration, and should therefore lead to more stability. A stability test of niosomes after 6 months confirmed this hypothesis (data not shown). This test showed that PEGylated-niosomes are more stable - their sizes changed only from 121 nm to 129 nm whereas the size of naked-niosomes changed from 118 nm to 157 nm during this longer period of time.

Afterwards, both PEGylated and naked-niosomes that have been loaded with both drug and magnetic NPs were examined with SEM (Fig. [2](#Fig2){ref-type="fig"}). They both have a spherical morphology with a good size distribution. However, as shown here, PEGylated-niosomes are larger in size, have a more spherical shape with a better dispersity than the naked-niosomes. These results are in a good agreement with the DLS analysis presented in Table [1](#Tab1){ref-type="table"}**.**Fig. 2Comparison of two niosomal preparations by SEM. (**Panel A**) PEGylated-niosomes containing both Carboplatin and magnetic NPs, and (**Panel B**) Naked-niosomes loaded with Carboplatin and magnetic NPs

Subsequently, the entrapment efficiency (EE%) of niosomes for both magnetic NPs and drug was measured. Entrapment efficiency of the naked and PEGylated-niosomes for NPs is almost similar, however, the entrapment efficiency for drug only was higher in PEGylated-niosomes (73 ± 1.1% for naked and 87 ± 1.6% for PEGylated-niosomes) (Table [1](#Tab1){ref-type="table"}). This better efficiency of PEGylated-niosomes could be due to the larger size of these niosomes. The presence of long chain arms of PEG may also be involved in the interaction and efficient immobilization of the drug on the surface or at the center of these surface modified niosomes.

Investigation of the in vitro drug release {#Sec17}
------------------------------------------

Next, we sought to investigate the rates of drug release from various niosome preparations. As shown in Fig. [3](#Fig3){ref-type="fig"}, the profiles of drug released from all niosomal formulations show a biphasic pattern. This pattern consist of a first rapid release period, where around 50% of the drug are released within the first 150 min, followed by a subsequent slower and sustained release in the next 750 min. Additionaly, although, the presence of magnetic NPs lead to a facilitated release of drug from formulations, PEGylation of these niosomes (that contained both drug and magnetic particles) lead to a slower release than that of naked-niosomes containing both drug and magnetic particles (*p* \< .018). The effect of PEGylation on improving the kinetics of drug release from niosomes is in agreement with the previous studies \[[@CR12], [@CR23], [@CR24]\]. Furthermore, the pattern of drug release form PEGylated-niosomes containing both drug and magnetic particles was somehow equivalent to that of naked-niosomes loaded with the drug only.Fig. 3The amount of drug released from different formulations over time. The cumulative release of Carboplatin from five different formulations at 37 °C over a period of 900 min is shown. **D** stands for drug (Carboplatin), and **M** is magnetic NPs (Fe~3~O~4~\@SiO~2~)

In vitro effectiveness of the niosomal formulations towards MCF-7 cancer cell line {#Sec18}
----------------------------------------------------------------------------------

The effectiveness of the prepared niosome formulations that were loaded with Carboplatin were examined in vitro toward MCF-7, which is a well-studied breast cancer cell line, by using MTT assay. Carboplatin is a broad spectrum anticancer currently being used in chemotherapy, against ovarian carcinoma, lung, and neck cancers as well as other cancers including osteogenic sarcoma, endometrial, and breast cancers \[[@CR25], [@CR37], [@CR38]\]. However, this drug has serious side-effects, including bone marrow depression and hemolytic anemia \[[@CR39]\]. As a result, the successful implementation of niosomal magnetic delivery method is a desired approach to lessen the side effects of Carboplatin. Fig [4](#Fig4){ref-type="fig"} shows the results obtained after treatment of MCF-7 cell line with different niosomal formulations at concentrations of 2.5 μM for 24 h. As it can be seen, none of the formulations without drug had any significant effects, however, when the drug was loaded in these formulations, the effectiveness of drug increased notably. Moreover, the effect of an external magnetic field on the viability of MCF-7 cell line was investigated. After applying the external magnetic field on niosomes containing magnetic NPs (i.e. pN + D + M/MF formulation in Fig. [4](#Fig4){ref-type="fig"}), the viability decreased to 38% compared to a 57% decrease in formulations that did not receive the external magnetic field treatment (i.e. pN + D + M formulation in Fig. [4](#Fig4){ref-type="fig"}) (*p* \< .001). Taken together, these results indicate that PEGylated magnetic niosomes in the presence of an external magnetic field have a satisfactory toxicity towards the target cancer cell line.Fig. 4Effectivness of niosomal preparations in inhibiting MCF-7 cell line. The viability of MCF-7 cancer cell line after treatment with various niosomal preparations is shown. PEGylated-niosomes loaded with drug and NPs were the most potent formulation in the presence of a magnetic field. Abbreviations: **N** represents niosomes; **pN** is the PEGylated-niosomes; **D** means drug; **M** represents the magnetic NPs, and **MF** stands for the magnetic field. Each column represents the average of three different experiments

Conclusion {#Sec19}
==========

In this study, we used magnetic nanoparticle for the targeted drug delivery and PEG coating for better blood distribution and stability of niosomes. An increase in size and decrease in zeta potential was seen by a coating of PEG on the surface of niosomes. PEGylation improved drug entrapment and resulted in a sustained release of Carboplatin. Moreover, using an external magnetic field greatly increased the toxicity of formulations towards cancerous cells. This promising novel drug targeting system can be used for delivery of other anticancer drugs and active agents, and could potentialy promote them as effective functional materials for magnetically controlled cancer therapy.
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